A computational study is conducted to investigate the effect of side-by-side arrangement of cylindrical piers on river bed morphodynamics and the local scour holes. This phenomenon is simulated by a sophisticated 3D model in which the flow is simulated by large-eddy simulation and the sediment is simulated in a Lagrangian framework as rigid spheres transported by the water. The bed morphodynamics is the result of pick-up and deposition of the solitary sediment particles. Through comparison for scour of a single cylinder with experimental data, the model shows a reasonable agreement of scour patterns and evolution of local scouring. For the side-by-side arrangement of cylinders, the bed scouring at the nose of both cylinders is mostly identical and the bed morphological changes are nearly symmetric along the center plane in streamwise direction. Maximum scour depth exhibits a growing trend with decrease in distance of cylinders, which agrees well with the experimental data from previously published literatures.
Introduction
Three-dimensional flows around vertical obstructions in natural rivers or streams are inherently complex because of generation of flow separation and turbulence structures in a wide range of scales 1), 2) . Such complex flows interact with sediment on the bed and drive local scour process around the obstructions. This process causes instability of streambed and weakens the structural safety 2) . The local scour is one of the main reasons for the failure of bridge piers and abutments.
Several experimental studies have been conducted to estimate scour depth, mainly around piers and then semi-empirical equations for maximum scour depth were proposed 3) . However, most of these equations yielded overestimation of scour depth due to fact that the similitude of large scale turbulence structures formed by cylinders was not accounted explicitly in the equations 4) . For construction of bridge piers in rivers, pier groups are increasingly preferred as an economic aspect because the construction cost is lower than that of spread footing pier. A number of studies around pile groups 1),5), 6) were experimentally conducted. Most of studies were focused on prediction of equilibrium scour depth and carried out to investigate the effect of cylindrical obstruction spacing on scouring depth longitudinally and transversely. The mechanisms of scour with multiple obstructions are much more complex than those of a single obstruction due to interference of the flow and sediment transport around obstructions.
On the other hand, several three-dimensional numerical studies around a single vertical circular cylinder have been conducted to study the scour process and estimate the scour depth. Olsen and Melaaen 7) and Olsen and Kjellesvig 8) conducted three-dimensional simulations of flow and scour around a circular pier in order to predict local scour considering non-cohesive sediment bed. They used a three-dimensional steady RANS model in corporation with a sediment transport model. The results were compared with experimentally observed bed elevation data and a reasonable agreement was obtained. Roulund et al. 9) carried out three-dimensional numerical simulations of flow and scour around a circular pile with the flows above the threshold of sediment motion; using unsteady Reynolds averaged Navier-Stokes (URANS) models incorporated with k-ω turbulence closure. They showed that the simulated process of scour agrees fairly with experimental results, while the prediction of scour depth by the model is underestimated with 15% due to inability of URANS models, which does not account for the fluctuating components of horseshoe vortices at the junction of the pile. Zhao et al. 10) developed a three-dimensional finite element model for simulating flow and scour around submerged vertical cylinders. URANS equations were solved with k-ω turbulence closure and an empirical formula was employed for calculating bed load transport. They described that the computed scour depth was underpredicted by 10% to 20%. Khosronejad et al. 11) investigated the predictive capabilities of a URANS model for various bridge pier geometries (cylindrical, square and diamond shape geometries). The governing equations with k-ω turbulence closure were numerically solved in combination with a curvilinear immersed boundary method to deal with the deformations of sand bed. They presented that for a diamond pier, the numerical model shows reasonable agreement of scour depth and process, but for the square and cylindrical piers, there were differences of scour pattern and depth between measured and simulated results. They described that this is due to the deficiency of the URANS model or the morpholodynamic model. In order to reproduce accurately vortical structures in a turbulent flow and to consider directly the effect of the instantaneous flow field on sediment transport, Escauriaza and Sotiropoulos 12) developed a detached-eddy simulation (DES) model coupled with a bed load transport model in which the sediment is solved as spherical particles in a Lagrangian framework. They simulated erosion and bed morpholodynamic around a cylindrical pier and their results showed that the ripple dynamics, which evolve from the interactions between turbulent horseshoe vortices and mobile-bed, are captured by the numerical model. The purpose of their simulations was to describe the detailed bed form phenomena around a cylindrical pier, such as the initial stage of bed forms within and around the scour hole. This means that the growth of scour and the equilibrium scour depth were not investigated.
Aforementioned, numerical studies have been confined to a single cylinder. In spite of fundamental interests, however, there is none of the numerical investigations around multiple circular cylinders in terms of scour depth, scouring phenomena and process. Therefore, to understand scour mechanism and transport processes around cylindrical objects, study on flow and local scour by means of numerical model capable of simulating detailed hydrodynamic and morpholodynamic with complex geometries is still a challenging task.
The objective of present paper is to computationally investigate the effect of cylinder spacing, transversely, on scour evolution, phenomenon and maximum scour depth. At the present study, a simple arrangement is chosen to simulate the growth of scour holes and scouring phenomena around cylindrical objects. To investigate the effects of cylinder spacing, a side-by-side arrangement is considered with diverse distances between two cylinders. The numerical simulations are performed with various cylinder spacing, and the scour and deposition patterns and bed evolution of local scour are investigated. In addition, the computed maximum scour depth is compared with experimental data reported by Hannah 6) and Ataie-Ashtiani and Beheshti 1) .
Computational model
The numerical model consists of three sub models, describing hydrodynamic, sediment transport and morphodynamic submodels. These three submodels are coupled to simulate timedependent morphological processes in physicsbased way. Here, we describe these models briefly. For more details, we refer to Nabi et al. 13) .
(1) Hydrodynamic model
The flow is solved by large-eddy simulation (LES). The governing equations for flow are the filtered Navier-Stokes equations for incompressible flow. The equations are discretized using finite volume on staggered grid. The grid is Cartesian with capability of local refinement and adaptation to the boundaries. A ghost-cell immersed-boundary technique is adopted for the intersection of immersed boundaries.
I_80 (2) Sediment transport model
In this model, the sediment particles are modeled as small rigid spheres in the water. The motion of sediment consists of three stages: (1) pick-up of particles, (2) sediment transport in water column, and (3) deposition at other locations.
In our model, the pick-up rate is calculated by the induced flow forces and using the formula proposed by de Ruiter 14) . The number of picked up particles from the bed in time step ∆t are estimated as
where, E is the pickup rate, S is the area of bed-surface cell, ρ s is the density of particle, and V p is the volume of the particle. The sediment particles picked up from the bed are transported by the forces exerted by the flow. The momentum equation for velocity of each sediment particle considers drag, lift, gravity, the effect of pressure force and the added mass.
(3) Morphodynamic model
The pickup rate of each cell on the bed is calculated by Eq. (1) and the rate of deposition is evaluated from the total number of particles which deposit in the current cell during time step, ∆t. The difference in the number of the particles in pickup and deposition for each cell is the amount of mass increased or decreased from the cells. The change in bed level for each bed-cell after time step, is determined as
where, A 2 and A 3 are shape coefficients for spherical grains of π/4 and π/6, respectively, which are twoand three-dimensional geometrical properties. C frac is a clustering factor (≤1). n depos and n pickup are the number of picked up and deposited particles, respectively. The present model is already validated against experimental results for bed morphodynamics and scour hole around cylinder in Nabi et al. 13) . Hence, validation of the model is found to be not necessary here. Interested readers can refer to Nabi et al. 13) 
Numerical experiments
For simulating two cylinders with the side-by-side arrangement, the channel length is set to be 10 m (= 62.5D) and the channel width is set to be 2.42 m (~15D), which are similar to those of Khosronejad et al. 11) . On the other hand, the channel width is doubled, comparing to that of Khosronejad et al. 11) because the side wall effects need to be minimized for simulating two cylinders. We use a water discharge of 0. A grid of 256x64x16 with three levels of refinements is employed for all simulated cases. A logarithmic velocity profile is imposed at the inflow boundary condition. The outflow boundary is considered to be convective boundary condition.
Smooth solid boundary conditions in transverse direction were imposed, to account for the effect of the side walls in the experimental flume. In all simulations, a rigid-lid boundary condition was imposed at the water surface. Nabi et al. 13) showed that a rigid-lid water surface condition has minor effects on the bed forms as long as the Froude number is relatively low. Fig. 1 shows instantaneous coherent structures of turbulence and streamlines around and behind the cylinders for s/D = 1.25 and 5. It can be seen that the energetic horseshoe vortices are concentrated in the front of cylinders (above the scour) and behind the cylinders (because of von Karman vortices). The horseshoe vortices in the case of s/D = 1.25 shows higher concentration than that in the case of 5. It is because of acceleration of flow between the cylinders for s/D = 1.25, and compressed horseshoe vortices which results in a deeper scour in the front of cylinders (it will be shown in Fig. 4) . Moreover, the streamlines show necklace type vortices around the cylinders. Fig. 2 presents the three-dimensional process of scour development around a side-by-side arrangement of cylinders of s/D = 1.25 (for t = 1, 5, 30, 60 and 108 min), which provide physical understanding of scouring process with time. It can be seen in Fig. 2a that the local scour is observed at the sides of cylinders because of acceleration of flow during the first minute, which has a similar trend with that of the single cylinder. After 5 minutes, the scouring at the sides of cylinders persists and the local scouring in front of vortices which are responsible for local scouring. At 30 min, the scoured region is extended around the cylinders and the sediment deposition is observed downstream of cylinders. It can be seen at 60 min ( Fig. 2d ) that the scour holes around two cylinders are clearly overlapped and thus the scour depth increases smoothly due to elevated turbulence dynamics and compressed horseshoe vortices 1), 15) . The deposition downstream and between cylinders appears due to the jet-like flow. In fact, as the s/D is significantly small or 1.0, the effect of acceleration of flow between two cylinders is negligible. For s/D = 1.25, however, the jet-like flow becomes effective, which implies that the flow and turbulence are highly influenced by lateral cylinders. At 108 min (the equilibrium state), the scour hole can be seen clearly surrounding cylinders and the shape of scour hole becomes semi-circular where the scoured region is similar to that of single scour with about twice the diameter of the cylinder. The deposition height downstream of cylinders increases and it moves further toward downstream. It is found that the distinct deposition induced by the jet-like flow appears since the acceleration of flow between two cylinders pushes sediment into downstream region and local erosion is reflected by the high turbulence due to flow interference from lateral cylinders. It indicates that at initial stages, a small deposition caused by the jet-like flow appears whereas a considerable increase in sediment load is obviously observed at later stages (after 60 min). This is attributed to a significant increase in turbulence stress between cylinders with development of scour hole. This is related to high interactions of turbulence horseshoe vortex dynamics with the bed. Fig. 3 shows the three-dimensional process of scour development around the side-by-side arrangement of s/D = 5.0 (t = 1, 5, 30, 60 and 108 min). Similarly, the local scouring starts at the sides of both cylinders which occur at an angle of about 40
• from the plane of symmetry at first min. After 5 and 30 min, local scoring is developed not only at sides of cylinders but also at upstream of cylinders due to well-known horseshoe-vortices system. This process is attributed to the fact that the locally enhanced flow at the sides merges with turbulent horseshoe vortices in front of cylinders with bed evolution of local scouring. At later stages (60 min and 108 min), the local scour around two cylinders evolves steadily with time because of an intense and continuous contribution of energetic turbulent horseshoe vortices in the scour hole. The sediment deposition downstream of cylinders is developed and moves further downstream with vortex shedding. The scour development of s/D = 5 is similar to that of local scour of a single cylinder which implies that the flow interference from cylinders is significantly weakened with an increase in the distance of cylinders in comparison with that of s/D = 1.25. Thus, unlike local erosion and deposition induced by the jet-like flow between two cylinders for s/D = 1.25, as shown in Fig. 2 , there are no local scouring and deposition between them for s/D = 5. Fig. 4 exhibits time evolutions of bed elevation for maximum scour depth over the domain together with local scouring at two locations, P1 and P2 (upstream of cylinders with distance of 0.09 m from each center of cylinders) where the horseshoe vortices are highly generated in front of cylinders. For s/D = 1.25, the bed scouring increases sharply at the initial stages (until about 13 min) after that the bed evolution of scour becomes slower. The maximum scouring is highly oscillated during later stages and the maximum scour is estimated to be 0.136 m. The time evolution of local scouring at two locations of P1 and P2 are mostly akin and the both local scours are predicted to be 0.117 m which is 86% of maximum scour depth. For the other cases (s/D = 1.875, 2.5, 3.75 and 5), similar trends of time evolutions for the maximum scouring and the local scour at two locations are shown in Fig. 4 . In the simulated results, the growth rate of local scouring of both locations is almost identical regardless of cylinder spacing, which is coincident with those of symmetric morphological patterns along the section of y = 0. The scour depths at the nose of cylinders are estimated to be 0.105, 0.097, 0.098 and 0.102 m for s/D = 1.875, 2.5, 3.75 and 5, respectively, which is corresponding to 87, 85, 89 and 89% of the maximum scour depth, respectively. It is found that the bed scouring at the sides of cylinders is relatively deeper than that at the nose of cylinders. It is comparable with the result of a single cylinder. However, the computed scour in front of the cylinders is averagely 88% of maximum scour depth, which is smaller than the local scour at the nose of the single cylinder (94% of maximum scour depth). This is probably due to fact that the interference between cylinders makes a local acceleration of flow. This acceleration, as well as the horseshoe vortices, at the sides of cylinders, close to the deformed bed, is stronger. It can be seen that the evolutions of deposition height are developed at much earlier time (within 5 min) than local scouring, after which they slow down as it can be seen in Fig. 4 . A similar trend is observed in all computed results.
As seen above, the bed scouring is significantly influenced by cylinder spacing, transversely. Here, we exhibit computed maximum scour depth as a function of the distance of cylinders, G = (s -D)/D together with measured values of Hannah 6) and Ataie-Ashtiani and Beheshti 1) . The maximum scour depth normalized by the scour depth of a single cylinder is shown for the cases of side-by-side arrangement of cylinders in Fig. 5 . The scour depth decreases with the distance of cylinders, G, and it is identical to that of the single cylinder at G = 7. In the measured data, when the two cylinders are touched, the scour depth becomes approximately 1.93 times of a single cylinder. It can be seen that when G < 1, the scour depth increases rapidly with reduction of G, whereas as G ≥ 1, the scour depth 
Conclusions
Numerical simulations were performed to investigate local scouring around two cylinders with side-by-side arrangement. A LES model coupled with sediment transport and morphodynamic models was applied. All models were directly linked with the effects of the instantaneous flow properties.
Numerical simulations with various distances of cylinders were carried out to study the effect of cylinder spacing on scour and deposition patterns, time evolution of scour and local scour depth. For the side-by-side arrangement of cylinders, when the s/D is greater than 2.5, the local scour and deposition patterns are found to be similar to those of a single cylinder, whereas for s/D < 3.75 the two scour holes were overlapped and significant depositions were observed at the downstream and between cylinders due to the effect of jet-like flow. The maximum scour depths were observed at the angle of approximately 40
• and the local scouring at the nose of cylinders was approximately 88% of the maximum scour depth, which was slightly lower than that of a single cylinder (94%). The local scouring in front of both cylinders is mostly identical in terms of the scour depth and time evolution of scour, and local scour and deposition patterns were almost symmetric along the section of center in streamwise direction. Maximum scour depth for the side-by-side cases exhibited a growing trend with decreases in distances of cylinders. The computed maximum scour depths (in values and trends) were in a good agreement with measured data reported by Hannah 6) and Ataie-Ashtiani and Beheshti 1) , which indicated that our model was able to estimate accurately local scour depth around cylinders.
